The high resolution infrared spectrum of the CH stretching fundamental of the formyl radical (HCO) has been observed by means of infrared kinetic spectroscopy using 308 nm (xeCl) excimer laser flash photolysis of formaldehyde or acetaldehyde followed by diode or difference frequency laser probing of the transient absorption. The high resolution spectra obtained were assigned and fitted with rotational, spin-rotational, and centrifugal distortion constants. The VI band origin is 2434.48 cm-I • New ground-state constants are reported from a least-squares fit combining this VI data with previous microwave and FIR LMR measurements.
INTRODUCTION
Formyl radical is an important intermediate in combustion and atmospheric chemistry. It is particularly interesting structurally and chemically because of its unusually weak and anharmonic CH bond. Consequently it has been the subject of numerous spectroscopic investigations. I With regard to high resolution studies of the vibrational spectrum, the bending fundamental ( 1080.76 cm -I) has been observed by LMR 2 and laser stark spectroscopy3 and the CO stretching fundamental ( 1868.17 cm -I) has been observed by LMR. 4, 5 The CH stretching fundamental has not previously been measured in the gas phase although the CD stretch of DCO (1909.77 cm-I ) has been observed by LMR. 6 All of the above studies probe only small portions of a vibration-rotation band near a fixed-frequency laser source. The data consequently contain little information on the energy differences between levels with different Ka quantum numbers.
Broadly tunable IR lasers are used in this work to record a large part of the CH stretching vibration-rotation band at high resolution. The analysis completes the high resolution determination of the fundamental vibrational frequencies of HCO and provides improved constants for rotation about the a axis.
EXPERIMENTAL Difference frequency laser spectra
The difference frequency laser kinetic spectroscopy apparatus (Berkeley) had been described previously.7 A tunable difference frequency laser system, similar to the one developed by Pine, g provides tunable CW infrared light near 4.2 p,m having a linewidth of -0.0007 cm -I. The output of a single mode, CW Ar+ laser (LexeI95-4, 1 Wat514.5nm) is combined with an Ar+ -pumped, tunable, single mode, CW ring dye laser (Spectra-Physics 171-06/380) and focused onto a temperature-phase-matched LiNb0 3 crystal. The photolysis laser is a Lambda Physik EMG 103E operated on the XeCI (308 nm) line at 60 Hz with a pulse energy of 30- The infrared probe and photolysis laser propagate collinearly through the photolysis cell and are then separated after emerging by a UV-reflecting IR-transmitting sapphire mirror. A narrow-band IR filter is used to eliminate broadband IR fluorescence from the excimer discharge. The IR probe is detected by an InSb (77 K) detector. The resulting signal is amplified by two low-noise amplification stages and integrated by a dual channel boxcar integrator (PAR 162/ 164) with a 60 p,s gate and 50 p,s input time constant. The signal gate (of the boxcar) opens 1 p,s after the reference gate closes, The excimer laser fires during the 1 p,s time interval.
A microcomputer AID reads the difference between the two boxcar signals after each photolysis pulse and averages it over 25 shots for each frequency increment.
Overlapping scans of 3 cm -I were recorded to give a continuous spectrum of 200 cm-I including some 750 observed absorption lines. The HCO line positions were determined by measuring simultaneously the fluorescence excitation spectrum of iodine vapor and using the tabulated frequencies. 9 The instability of the Ar+ laser limits the aceuracy to ±0.01 cm-
I .
Both formaldehyde and acetaldehyde (2.5 Torr of pure gas flowing at 100 l/min) were used as HCO precursors. Similar SIN and identical line positions were obtained for each. A few wave numbers of the HCO spectrum were blocked by acetaldehyde absorption but observed with formaldehyde. Formaldehyde was prepared as previously described lO and acetaldehyde (Mallinckrodt) was purified by vacuum distillation.
Diode laser spectra
The diode laser kinetic spectroscopy apparatus (Rice University) is shown in Fig. 1 . In brief, transient infrared absorption of the diode laser beam by HCO produced by XeCI (308 nm) flash photolysis of acetaldehyde is detected by acquiring the output of the signal detector with a transient digitizer (Biomation 805) immediately before and after the excimer laser flash. The diode laser system and its method of operation for normal absorption spectroscopy has been described previously.11 Data acquisition from the transient digitizer was added in a straightforward manner. sient absorption spectroscopy is carried out in a multiple reflection cell. In order to obtain maximum overlap between the infrared probe beams and the region photolyzed, the excimer laser beam is introduced just below the D mirrors of the White cell and intercepted by a beam block just in front of and above the upper row of probe infrared beam spots on the notched mirror. By flowing helium continuously into and through the D mirror chamber and introducing the precursor acetaldehyde flow downstream about 25 cm into the cell, "dead space" absorption of the excimer beam by the precursor is minimized. Since the excimer beam and its accompanying infrared fluorescence never actually strike the White cell mirrors, infrared interference from the excimer is small. Typical operating conditions were total pressure = 7.5 Torr, acetaldehyde pressure = 2.5 Torr, acetaldehyde flow rate = 60 scc/min, excimer repetition rate = 20 Hz, and excimer pulse energy = 75 mJ. 
RESULTS

Observations and assignment
The region to be searched for the HCO CH stretch was estimated using the matrix isolation CH stretching frequencyl3 of 2483 cm -I and the CH stretching frequency estimated from laser fluorescence l4 of 2432 ± 20 cm -I. A number of lines of a transient species produced by the flash photolysis of formaldehyde were first observed by the difference frequency system with a SIN of 12 for the strongest lines using a single boxcar, and were postulated to be R -branch lines of the CH stretch of HCO. The strongest transitions corresponded to about 10% attenuation of the IR power. Unfortunately the low frequency tuning limit of the difference frequency system did not allow observation of a-type Q branches, which complicated the assignment of the observed spectrum.
The diode laser used in this study overlaps somewhat the low frequency end of the difference frequency scans and continues to operate well through the band origin region. Very good sensitivity for HOO could be obtained with the diode laser kinetic spectroscopy by averaging transient digitizer points for 25 its before and after the flash and differencing. Using acetaldehyde as the precursor, SIN ratios of -200 could be obtained for the strongest lines corresponding to a -15% absorption of the infrared probe. Figure 2 depicts the K = 3 a-type Q-branch region obtained with the diode system.
The rotational assignment of this spectrum proved to be straightforward. second to the first member of each suggested that the high frequency Q branch belonged to K = 3 and the lower frequency one to K = 4. Using the previously measured ground-state rotational, spin-rotational, and centrifugal distortion constants,IS,16 P-and R-branch lines could be predicted and were identified confirming the K = 3 and 4 parallel Q-branch assignments. The information thus obtained located the approximate positions of the K = 1, 2, and 5 Q branches. Sever~ lines of the K = 1 Q-branch series and the characteristic four line patterns of the corresponding P and R branches were quickly recognized. By fitting on these lines, many additional lines were predicted and assigned in the diode and difference frequency data. Figure 3 shows the K = 3 ..... 2 Q-branch region observed with the difference frequency laser system. The SIN of the difference frequency system is improved by a factor of about 10 with the dual gated integrator arrangement used for recording the spectra reported here. Table I lists 100 of the 780 (610 difference frequency, 170 diode) parallel-and perpendicular-type rotational transitions assigned using the two spectrometers. A complete listing of all the observed transition frequencies will be given in the Ph.D. theses of Guo (Berkeley) and Dane (Rice) . HCO is relatively long-lived in this system as can be seen by the transient digitizer trace of its decay shown in Fig. 4 . The principal loss mechanism for HCO is probably the disproportion of two HCO molecules to produce CO and H 2 CO as evidenced by the roughly second-order decay curve. Diffusion out of the probe beam is another possible source of signal loss, but is minimized in this system by the 10 cm diameter of the White cell and the fact that the excimer beam passes down the center of the cell. Preliminary measurements of HCO decay rates in the presence of varying pres- 
Least-squares tit
Initially the observed transitions were least-squares fitted with a band origin and upper state rotational, spin-rotational, and centrifugal distortion constants using Watson's A -reduced Hamiltonian 18 and the spin-rotation formulation of Brown and Sears. 19 The fitting program was checked by comparing predictions and least-square fitting against output of the program of Sears 20 and good agreement was found. When such a fitting was carried out, it was found that the K' = 4 and K' = 5 infrared transitions appeared to be incompatible with each other. When transitions involving levels from both stacks were included, the standard deviation became about 2.5 times that expected from the estimated errors in the measurements, almost tripling in comparison with the standard deviation obtained when only either K I = 4 or K I = 5 transitions were included in the fit. This could not be remedied by including additional centrifugal distortion constants of higher order inK even though K I = 5 is the highest K I assigned. It seems that the apparent perturbation in the upper state can be ascribed primarily to the K I = 4 levels, since if these lines are included there are systematic deviations in the K I = 3 levels and several of the upper state centrifugal distortion and spin-rotational centrifugal distortion constants change by what seem to be unreasonably large amounts from the ground state. However, as discussed later, there are still significant changes in ANK and 4>KN even when the K' = 4 lines are omitted.
It is suspected that the K ' = 4 transitions may be affected by Coriolis interaction with theK' = 5 levels ofthe bending overtone. The A rotational constant of the bending overtone is expected to be much larger than the A value of this CH stretch excited state, so that even though the bending overtone is near 2000 cm -I the energies of a level of given K will catch up with theK -1 and eventually with theK levels of the 2400 cm -I CH stretch as K increases. Having recognized that some of the upper state levels 
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dTransitions inVOlving K ~ = 4 rotational levels were excluded from the excited state fit.
are possibly perturbed, it seemed appropriate to fit the troduces the familiar problem 23 of observational correlation, ground state and excited state separately. The first step was we utilized a method in which an additional parameter was to fit the ground state and thereby improve the ground state introduced for each upper state level to take into account the constants. Therefore, a least-squares fit of only the groundinadequacy of the upper state Hamiltonian. This appears to state parameters was peformed combining the microwave lead to a very large number of parameters to be determined transitions of Blake et al. , IS the FIR LMR data, 16 and the VI and thus to a very large least-squares matrix to be inverted. infrared data.
However, the ground-state constants (rotational, centrifuRather than fitting combination differences which ingal distortion, and spin-rotational) may be decoupled In the Hamiltonian used there are 23 parameters for a given vibrational state corresponding to 3 rotational constants, 5 quartic, 4 sextic, and 1 octic centrifugal distortion parameters (the 3 off diagonal in K sextic constants are omitted and only the K8 octic term is included), 4 spinrotation interaction constants, 5 quartic spin-rotation centrifugal distortion constants (Il~K is omitted), and 1 sextic spin-rotation distortion constant (<I>~) . Even the large number of lines fitted are insufficient to determine all of these parameters. In order to truncate the Hamiltonian to a set of determinable parameters, the diagnostic least-squares method 25 was used to identify the poorly determined parameters (<I>N' c5~, c5~) . This resulted in a fit using the method just described giving the ground-state rotational, centrifugal distortion, and spin-rotational parameters listed in Table II. The weighted standard deviation of this fit is 1.1 which is what is expected from the estimated errors in the observations. However, it must be pointed out that the residuals are not distributed very smoothly. Sears l6 recognized a problem in the ground-state fitting in that in a combined fit of the microwave l5 and FIR LMR 16 transitions, several of the FIR LMR lines have large residuals. Moreover, the fit of the microwave data is poorer than the expected experimental error. (The VI data is actually fitted somewhat better than the estimated experimental error.) One pair of FIR LMR lines (N 11 <-10, K = 6) have by far the largest weighted residuals and appear to have a spin-rotation splitting which is too small. However, eliminating these two lines is not sufficient to make the distribution of residuals smooth. We believe that the ground-state parameters given in Table II are the best synthesis of the information currently available.
The ground-state parameters were then fixed at the values in Table II and the excited state rotational, centrifugal distortion, and spin-rotational constants as well as the band origin were determined by fitting the infrared transition frequencies. Once again the diagnostic least-squares procedure was used to decide which parameters are determinable guiding the truncation of the Hamiltonian. In this fit K' = 4 lines were omitted because of the suspected perturbation previously mentioned. In the final fit, 705 transitions were used: 150 diode laser and 555 difference frequency laser measurements. Table II presents Inthis two step treatment of the infrared data, the estimated standard deviations of the excited state constants are statistically all too small as they do not properly reflect the uncertainties in the ground-state constants. Rather the uncertainty listed for an excited state constant in Table II is more accurately thought of as an uncertainty in the difference between the ground-state and excited-state value. Of course, in addition to the statistical uncertainties, the inadequacy of the model that must be used should be kept in mind in any further use of the upper state constants reported here.
Equilibrium constants
The rotational and centrifugal distortion constants obtained here can be combined with those obtained in previous high resolution studies ofthe bending and CO stretch fundamentals to calculate the vibration-rotation interaction constants. These constants are listed in Table III . In Table III it is considered that the ground-state rotational constants resuiting from fitting the bending and CO stretch fundamentals are somewhat different from the values given in Table II . For this reason the differences between the ground and excited state constants obtained in these studies were used rather than the absolute values of the excited state constants since these differences are believed to be better determined.
From the vibration...:.rotation interaction constants, the centrifugal distortion constants, and rotational g factors, equilibrium rotational constants and moments of inertia of RCO may be calculated and are listed in Table IV . The two centrifugal distortion constants needed to correct the rotational constants for centrifugal distortion effects, R6 and 'T abab' were calculated from the constants listed in Table II (7) 1 L . of the four independent planar centrifugal distortion constants T aaaa , Tbb bb ' Taabb' and Tabab and then least-squares fitting the five A's (weighted using the reciprocal of their covariance matrix) with the four T'S. The resulting R6 and Tabab are given in the footnote to Table IV . The rotationalg factors needed for the electron slippage correction may be estimated for the spin-rotation interaction constants using theequation 26 g ii = -IEiil/~, with6~= 50cm-l . The inadequacy of this method for finding approximate values of the gjj'S is probably the reason that the equilibrium inertial defect is so large. In order to determine the equilibrium structure of HCO, a similar treatment ofDCO is required. Such a treatment is not possible at this time because the bending fundamental ofDCO has not been observed under high resolution.
Transition dipole orientation
The orientation of the transition dipole moment for VI with respect to the principal axes was obtained by measuring the relative intensities of parallel and perpendicular rotational components. The intensities of 90 pairs of difference frequency laser absorption lines with common ground-state rotational levels were compared. Although there is considerable scatter in these relative intensity measurements, the scatter in the angle which the transition dipole moment makes with the axes is relatively small because the arc tangent of the square root ofthe intensity ratio is involved. The result is that the transition dipole moment makes an angle of 63 ± 6° with the b axis. Using the equilibrium structure estimated by Hirota, lone can calculate the orientation of the CH bond of 41° with the b axis. Thus the transition dipole makes an angle of 22° (or with the less reasonable choice of signs 76°) with the CH bond. This is illustrated in Fig. 7 . As the H atom moves away from the C atom, there must be significant motion of the electron density along the CO bond.
DISCUSSION
The CH stretching frequency determined here, 2434.48 cm -I, is well within the range of 2432 ± 20 determined by LIFI4 and of 2440 ± 20 by photoelectron spectroscopy.21
The ab initio value of 2448 cm -I is too high by only 0.6%.27 The much higher frequency observed in an Ar matrix l3 implies a matrix shift of 48 cm -I to the blue. Jacox has suggested that this anomalously large stiffening of the CH stretch is a consequence of the unusually low dissociation energy, low vibrational frequency, and large anharmonicity.28
Because the CH bond of HCO is unusually weak and anharmonic, there is considerable interest in mapping out the complete potential energy surface of the molecule. A high quality ab initio surface has been developed.27 Hirota I has determined quadratic and cubic force constants from the fundamental frequencies and high resolution vibration-rotation constants available in 1985. The improved centrifugal distortion constants for the ground state and especially the new constants for VI resported here should permit a significantly imprOVed force field to be defined. An even better determined force field should result from the investigation of combination bands especially the Fermi resonance between 2V3 and VI' or even better, between VI + 2V3 and 2vI which would directly determine the cubic force constant linear in the CH stretch and quadratic in the bend. The V3 band of DCO also remains to be studied at high resolution. In HCO the high resolution study of 2vI and possibly combinations thereof with V3 and V 2 should produce valuable information about the nature of the potential surface and nuclear motions on that surface near the CH dissociation threshold.
